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SYSTEMS AND METHODS FOR STORING
FLUID AND MEASURING VOLUME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Application No. 63/300,131, filed Jan. 17, 2022, which 1s
incorporated herein by reference 1n 1ts entirety.

[0002] This invention was made with government support
under Contract No. S80NSSC21C0078 awarded by the

National Aeronautics and Space Administration. The gov-
ernment has certain rights in the ivention.

FIELD OF THE

DISCLOSURE

[0003] This disclosure relates to systems and methods for
storing tluid and measuring volume. More particularly, this
disclosure relates to tools that can be used to etliciently store
and measure fluud for spacetlight applications such as
vehicles, stations, and suaits.

BACKGROUND

[0004] Human spacetlight applications including vehicles,
stations and suits must store and manage a variety of liquids,
such as water. In traditional applications, rigid containers are
used to store liquid. Rigid containers are poorly adapted for
spacetlight applications because, among other reasons, the
liquid may not remain 1n contact with the container 1n a
low-gravity environment. In addition, 1t 1s advantageous to
store liquid 1n pressure that 1s in equilibrium with the
ambient environment within the spacecraft. Rigid containers
may require a vent to achieve equilibrium. Such vents often
provide further 1ssues such as potential leaks. Finally, 1t 1s
often desirable to mimmize the exposure of a fluid to gas,
thus limiting undesirable chemical reactions and avoiding
the mtroduction of bubbles. A partially-full rigid container
presents ullage that 1s typically filled with gas.

[0005] Bladders may also be used for tluid storage. Blad-
ders are typically welded together from flat sheet either in a
simple “lay-tflat” configuration or pieced together nto a
three-dimensional “nominal-full” geometry. Such assem-
blies necessarily form wrinkles either when tull or when
empty. These wrinkles lead to mechanical stress concentra-
tions and fatigue 1n the membrane material, limiting both the
internal pressure resistance and the fill-drain cycle life of the
bladder.

[0006] Bladder membranes may also be composed of
plastics or elastomers that can leach impurities such as
plasticizers into the fluid and/or can be chemically degraded
by biocides, cleaning solvents, chemical reagents, or ultra-
violet radiation. To date, bladders have not been made from
ultra-pure, chemically stable materials because those mate-
rials generally do not have adequate mechanical properties
to serve well 1 these designs. Further, bladders with a
reasonable level of internal pressure tolerance generally
must be nominally spherical or cylindrical 1n shape. This
leads to ineflicient use of volume in the flat-rectangular
spaces that are typically available within a vehicle structure.
Flexible bladders can also be dithicult to mount within a rigid
structure, and their location can be uncertain under variable
acceleration.

[0007] In many situations, a volume of flmd stored 1n a
container needs to be monitored. For terrestrial fluid storage,
the volume of stored fluid may be monitored by measuring,
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weight or the level of fluid 1n the container. Weighing 1s not
an option 1s applications such as space exploration which
may involve zero or variable apparent gravity. In addition, in
situations in which either the apparent gravity vector or the
container shape 1s variable, a level measurement cannot be
used to measure remaining volume.

[0008] Accordingly, there 1s a need for systems and meth-
ods that allow for fluid to be securely stored 1n a spatially
eflicient manner, with minimal risk for failure or contami-
nation. Further, there 1s a need for systems and methods that
allow a volume of fluid 1n a container to be accurately
measured 1 low-gravity environments.

SUMMARY

[0009] The following description presents a simplified
summary in order to provide a basic understanding of some
aspects described herein. This summary 1s not an extensive
overview of the claimed subject matter. It 1s intended to
neither identify key or critical elements of the claimed
subject matter nor delineate the scope thereof.

[0010] In some embodiments, there may be a system for
storing fluid. The system may include a container. The
container may have an internal volume that 1s configured to
change as tluid enters or exits the container. The system may
also have a first shell component and a second shell com-
ponent. The mternal volume of the container may be dis-
posed between the first shell component and the second shell
component such that the first shell component may limit an
expansion of the container 1n a first direction, and the second
shell component may limit the expansion of the container in
a second direction that 1s opposite the first direction. The
system may also include a space that may be defined
between the second shell component and a first surface
portion of the container. The space may have a volume that
decreases as fluid enters the container and the internal
volume of the container increases.

[0011] In some embodiments, there may be a system for
sensing volume. The system may include a container. The
container may have an internal volume that may be config-
ured to change as fluid enters or exits the container. The
system may also include a first loop. The first loop may be
disposed on a first side of the container. The system may also
include a second loop. The second loop may be disposed
along a second side of the container. The second loop may
move relative to the first loop as the internal volume of the
container changes. A first current traveling through one of
the first loop and the second loop may induce a second
current in the other of the first loop and the second loop. A
magnitude of the second currently may vary based on
changes 1n the internal volume of the container. The first
loop may be disposed about the first side of the container
such that at least 20% of an area of the first side of the
container 1s disposed within the first loop. A magnitude of
the second current may indicate an average thickness of the
fluid between the first side of the container and the second
side of the container.

[0012] Further variations encompassed within the systems
and methods are described in the detailed description of the
invention below.

BRIEF DESCRIPTION OF THE

[0013] FIG. 1A-B shows an exploded view of an exem-
plary system for storing fluid.

DRAWINGS
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[0014] FIG. 2 shows exemplary components of a system
for storing fluid.

[0015] FIG. 3 shows an exemplary container for storing
fluad.

[0016] FIG. 4 shows an exemplary system for sensing
volume.

[0017] FIG. 5 shows an exemplary embodiment of a
volume sensor.

[0018] FIG. 6 shows an exemplary volume sensor attached

to a fluid storage system.
[0019] FIGS. 7A and 7B show another exemplary embodi-

ment of a fluid storage system.
[0020] FIGS. 8A and 8B show another exemplary embodi-

ment of a fluid storage system.

DETAILED DESCRIPTION

[0021] While aspects of the subject matter of the present
disclosure may be embodied in a variety of forms, the
following description and accompanying drawings are
merely intended to disclose some of these forms as specific
examples of the subject matter. Accordingly, the subject
matter of this disclosure 1s not intended to be limited to the
forms or embodiments so described and illustrated.

[0022] FIG. 1A-B shows exemplary components compris-
ing a system for storing fluid. In some embodiments, the
stored fluid may be a liquid. For example, the stored fluid
may be water. In other embodiments, the stored fluid may be
a gas. For example, the stored fluid may be oxygen.
[0023] FIG. 1A shows an exploded view of components
that may comprise the fluid storage system. The system may
include a first shell component 104 and a second shell
component 108. In some embodiments, the first shell com-
ponent 104 and the second shell component 108 may be
rigid. For example, the two shell components 104 and 108
may be so configured that they possess a high strength-to-
weilght ratio, and may have a high mechanical toughness that
may be able to resist crush and puncture loads. In some
embodiments the first and second shell components 104, 108
may have symmetrical geometries.

[0024] The system may also include a first container 106.
The first container 106 may be configured so that 1t 1s able
to store tluid. The first container 106 may be configured so
that 1ts internal volume may vary as fluid enters or leaves the
first container 106. In some embodiments, the first container
106 may expand, (e.g., increasing the internal volume) as
fluid enters the first container 106, and may contract (e.g.,
decreasing the internal volume) as fluid exits the first
container 106.

[0025] The first container 106 may have a symmetric three
dimensional geometry. The geometry of the first container
106 may configured such that the container 1s smooth and
wrinkle free both when 1t 1s fully contracted (1.e. empty) and
tully expanded (i.e. tull). For example, as shown 1n FIG. 1A,
the first container 106 may have an air-mattress geometry
with regularly spaced depressions 114. As used herein, the
term air-mattress refers to a smooth three-dimensional vol-
ume with opposing sides connected by one or more interior
depressions. The air-mattress geometry may allow for high
internal pressure resistance. In addition, the air-mattress
geometry may allow the system to approximate a rectangu-
lar prismatic geometry, which 1s desirable for use 1n appli-
cations with limited space.

[0026] In some embodiments, the fluid storage system 100
may include a second container 116. The second container
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116 may be configured to store fluid. The second container
116 may be configured so that 1ts volume may vary as fluid
enters or leaves the second container 116. In some embodi-
ments, the second container 116 may expand, (e.g., increas-
ing the internal volume), as fluid enters the second container
116, and may contract (e.g., decreasing the internal volume)
as fluid exits the second container 116.

[0027] In some embodiments, the second container 116
may have a substantially cylindrical geometry. In other
embodiments, the second container 116 may have an air
mattress geometry similar to the first container 106.

[0028] The container 106 may be disposed in between the
first shell component 104 and the second shell component
108. The first container 106 may be disposed such that the
first shell component 104 limits the first container 106 from
expanding 1n a first direction (e.g., downward 1n the orien-
tation shown 1 FIG. 1A). In some embodiments, the con-
tamner 106 may be so disposed so that the second shell
component 108 limits the expansion of the container 106 1n

a second direction (e.g., upward 1n the orientation shown 1n
FIG. 1A).

[0029] In some embodiments, the second shell component
108 may be attached to the first shell component 104 via
clamps 102, 110. A first surface portion of the container 106
(e.g., the upper surface in the orientation shown in FIG. 1A)
may be flexible and free to move between the shell compo-
nents 104 and 108. A second surface portion of the container
106 (c.g., the lower surface in the orientation shown in FIG.
1A) may be aflixed to the first shell component 104. In an
empty state, the first surface portion may lie along the first
shell component 104. As the container 106 is filled with
fluid, the first surface portion of the container 106 may move
away from the athxed second surface portion until it contacts
the second shell component 108. Thus, the portion of the
container 106 attached to the first shell component may be
fixed, while the other portion of the container 106 may be
free to move 1n between the first and second shell compo-
nents 104, 108. Pretferably, the surfaces of the container may
have a nominal geometry that corresponds to the geometry
of the two shell components. For example, the surfaces may
be configured to lie smoothly along the shell components
without wrinkling or otherwise being stressed or strained.
The unfixed surface may be configured to lie smoothly along
the first shell component 104 without stress when the
container 1s 1 an empty state, and as the container 106 1s
filled, the geometry of the unfixed surface may be inverted
such that it lies smoothly along the second shell component
108 without stress.

[0030] In some embodiments, the container 106 may
instead be defined by a combination of (1) a single flexible
membrane and (11) the first shell component. For example,
the first shell component 104, which may optionally be
provided as a closed surface without holes or vents, may act
as one surface portion of the container 106, and a membrane
(e.g., surface portion 106 A in FIG. 1B) may act as the other
surface portion of the container 106. In such embodiments,
the fixed surface portion may be omitted, and the shell
component 104 may directly contact the fluid stored 1n the
container. Optionally, the shell component 104 may be
provided with a high-purity, chemically stable coating to
mitigate against contamination of the fluid stored in the
container.

[0031] In some embodiments, the first and second shell
components 104, 108 may be configured such that when the




US 2023/0228610 Al

first container 106 1s 1n a full state (1.e. fully expanded), at
least 50%, at least 60, at least 70%, at least 80, at least 90%,
or at least 95% of the surface area of the container lies on at
least one cross-section that 1s substantially circular, catenary,
or elliptical. For example, in FIG. 1A, the first shell com-
ponent 104 1s shown having a substantially semi-circular
cross section 124, and the second shell component 108 1s
shown having a substantially semi-circular cross-section
128. When the two shell components are coupled to one
another, they may form a substantially circular cross-sec-
tion. In other embodiments or for other cross-sections, the
geometry may be substantially catenary or substantially
clliptical. By forming the container and shell components
such that the surface area of the container predominantly lies
in circular, catenary, or elliptical cross-sections, the ability
of the container to carry an internal pressure load may be
substantially improved. This, in turn, may allow the con-
tainer to be made from ultra-pure materials that have lower
material strength without risking failure under a wide range
of operating conditions.

[0032] In some embodiments, the shell components 104,
108 may have ridges 113, 118, which may correspond to the
air mattress geometry of the container 106.

[0033] In some embodiments, the second container 116
may also be disposed between the first shell component 104
and the second shell component 108. The first shell com-
ponent 104 may limit an expansion of the second container
116 1n a first direction, and the second shell component 108
may limit an expansion of the second container 116 1n a
second direction.

[0034] In some embodiments, the first container 106 may
be attached to the first shell 104. In further embodiments, the
second container 116 may also be attached to the first shell
component 104.

[0035] In some embodiments, the system may include a
first clamp 102 and a second clamp 110. The first clamp 102
and the second clamp 110 may be used to clamp the first
shell component 104 to the second shell component 108.
The first clamp 102 may be attached to the outside of the first
shell component 104, and the second clamp 110 may be
attached to the outside of the second shell component 108.
The two clamps 102, 110 may be attached to one-another to
fasten the first shell component 104 to the second shell
component 108. A variety of materials, geometric designs,
fasteners, and spacings between fasteners may be used to
ensure that flexure 1n the clamps between fasteners 1s small
enough to prevent stress 1n the shell and container compo-
nents. Preferably, the clamps may be made from materials
with high stiflness, toughness, and ultimate tensile strength.
In some embodiments, the clamps 102, 110 may include
holes or other structures which may be used to mount the
system 100 to a desired structure (e.g., a portion of a vehicle,
spacesuit, or station). The system may also include a plu-
rality of bolts, rivets, or other fasteners, which may prefer-
ably fasten the shell components to one-another at their
perimeter and at one or more of the ridges 113, 118. The
fasteners may have suflicient tensile strength to support a
pre-load tension equal to the maximal internal pressure load.

[0036] In other embodiments, the first shell component
104 and the second shell component 108 may be joined
without clamps, 102, 110. The two shell components 104,
108 may jomned without clamps when significant internal
pressure 1s not anticipated. For example, the two shells may
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be joined by adhesive or by fasteners placed directly through
the two shell components 104, 108.

[0037] FIG. 1B shows exemplary components of the tluid
storage system 100. In some embodiments, the first con-
tainer 106 may comprise two surface portions 106 A, 106B.
In some embodiments, the surface portions 106 A, 106B may
be made from thermoplastic polymers such that they may be
thermally welded to one another to form container 106. In
some embodiments, the surface portions 106A, 1068 may
be made from any flexible material that can be suitably
formed to the required geometry, sealed to 1itsell and 1is
chemically compatible with the operating fluid. For
example, the container may be made from ultra-pure, chemi-
cally stable materials. In some embodiments, the container
may be made from fluoropolymers such as fluorinated
cthylene propylene, perfluoroalkoxy alkane, and ethylene
tetratluoroethylene. Other candidate materials include poly-
mers, plastics, elastomers, rubbers, metal foils, composites,
or multi-layer laminates. The use of ultra-pure, chemically
stable maternials may advantageously prevent contamination
or degradation of the fluid stored 1n the container, which may
be of particular importance for spacetlight, as fluids may
need to be stored 1n the container over significant periods of
time. The container may also be provided with functional
coatings that could include polymers, ceramics, metals, gels,
etc. In some embodiments, the surface portions 106 A and
1068 may be transparent.

[0038] In some embodiments, the first shell component
104 and the second shell component 108 may not be exposed
to fluid 1n either container 106 or container 116. The first
shell component 104 and the second shell component 108
may be made out of a material that does not have exceptional
purity and chemical stability and may made from any
engineering material that can be formed to the required
geometry, have higher resistance to deformation than the
container material, and have suflicient strength to resist the
maximum internal pressure load. In some embodiments, the
material the comprising the first shell component 104 and
the second shell component 108 may be transparent.

[0039] FIG. 1B also shows clamps 102 and 110. The

clamps may be machined from solid billet. In some embodi-
ments, the clamps 102 and 110 may be made by casting or
injection molding when the corresponding maternal selec-
tions permit.

[0040] FIG. 1B also shows a feedthrough port 109. One or
multiple ports may be provided to communicate with the
internal volume of each container, and one or multiple ports
may be provided to communicate with the corresponding
space.

[0041] FIG. 2 shows an exemplary fluid storage system 1n
an assembled state. The first container 106 may be disposed
in between the first shell component 104 and second shell
component 108. In further embodiments, the second con-
tamner 116 may also be disposed 1n between the first shell
component 104 and second shell component 108. The first
container 106 may have a port 202. The second container
116 may have a port 204. The containers may be filled and/or
emptied through their respective ports. The ports 202, 204
may be made from any engineering material that can be
sealed to the first container 106 and/or second container 116
and 1s chemically compatible with the fluid being stored 1n
the containers 106, 116. In some embodiments, the ports
202, 204 may be made from a material that can be 1njection
molded for precise and economical fabrication.
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[0042] In some embodiments, at least the second shell
component 108 may have vents 206. The vents 206 may
allow flmd (e.g., gas) to flow into and out of the space
between the second shell component 108 and the container
106. Vents 206 may advantageously allow for contents of the
first and second containers 106, 116 to remain at pressure
equilibrium with a surrounding environment. In some
embodiments, the first shell component 104 may also have
vents.

[0043] In another embodiment, the vents 206 may be
omitted, forming one or more sealed spaces between the
second shell component 108 and the first container 106
and/or second container 116. One or more ports may be
provided that communicate with the one or more sealed
spaces between the second shell component 108 and the
containers 106, 116. These ports may optionally be con-
nected to a pressure source (which may be configured to
apply positive or negative pressure), which may allow the
containers to be filled or emptied under pressure. In some
embodiments, the pressure source may be a pump or
vacuum.

[0044] In another embodiment, fluid may be transferred
from a container to its corresponding sealed space by a pump
during use. This flmd transfer may be deployed when the
fluid 1s used as a consumable reagent, catalyst, or absorber
that needs to be stored as waste after use. For example, clean
fluid may be stored in the first container 106, pumped
through a process system, and then returned to the sealed
space between container 106 and the second shell 108 after
use to be stored for disposal or recycling at a later time. This
arrangement may save space and weight by eliminating the
need for a second collection vessel. This arrangement 1s
expedient since the volume of the sealed space may increase
at the same rate that the volume container decreases while
fluid 1s moved from one to the other, leaving no ullage
during the process.

[0045] FIG. 3 shows an embodiment of a fluid storage
system. The system may include a plurality of fasteners 302.
The fasteners 302 may be used to fasten the clamps 102, 110
to each other through holes provided 1n the shell components
104, 108. The fasteners 302 may have suflicient tensile
strength to support a pre-load tension equal to the maximal
internal pressure load. In some embodiments, the clamps
102, 110 may have one more mounting points 304 for
convenient assembly. The clamps 102, 120 may be made out
ol an engineering material with high stiflness and toughness
as well as suflicient ultimate tensile strength for the appli-
cation.

[0046] In some embodiments, the system may include an
clectrical circuit that 1s configured to measure the internal
volume of the first container 106 and/or the second container
116. Exemplary systems that may be used to measure the
internal volume of the containers 106, 116 are described
below with reference to FIGS. 4-6.

[0047] FIG. 4 shows an exemplary system 400 for sensing
volume. In some embodiments, the system may sense the
volume of a container. FIG. 4 shows an exemplary diagram
for sensing volume with two loops. A first loop 402 may be
configured to carry an excitation current. A second loop 404
may be arranged to receive an imnduced current in response
to a changing magnetic field generated by the excitation
current 1n the first loop 402. The second loop 404 may be
connected to a meter 440, which may be configured to
measure the induced current 1n the second loop 404. For
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example, the meter 440 may be configured to measure
voltage, amperage, or other parameters related to the current
induced 1n the second loop 404.

[0048] The first loop 402 may be connected to a power
source 420, which may be used to generate the excitation
current. The excitation current may optionally be an alter-
nating current or a direct current. In some embodiments, the
excitation current may be an alternating current of a fixed
frequency.

[0049] The sensor system 400 may be used to measure the
volume of an expansible container. In some embodiments,
excitation loop 402 may be attached to a surface on one side
of a container, and the measurement loop 404 may be
attached to a second surface that moves relative to the
excitation loop 1n response to changes in volume in the
container. Distance D may represent a distance between the
excitation loop 402 and the measurement loop 404. The
magnitude of the second current induced by the magnetic
field may increase as distance D becomes shorter and may
decrease as distance D becomes greater. Because distance D
increases and decreases as the container 1s filled and emp-
tied, the magnitude of the induced current may indicate the
volume of fluid 1n the container.

[0050] In some embodiments, a relationship between the
magnitude of mnduced current 1n the measurement loop 404
and the volume of fluid 1n a container may be experimentally
calibrated. This calibration may be performed by filling and
draining the container to a series ol known volumes while
recording the measurement of the induced current, and then
generating a calibration function once suflicient data has
been collected. In some embodiments, a polynomial of order
3 or greater may be used to model this relationship. In some
embodiments, the polynomial may be between order 3 and
6. In some embodiments, the calibration function may
achieve absolute accuracy within 15%, 10%, 5%, 3%, 2%,
or 1% of the full volume of the container. In some embodi-
ments, separate calibration functions may be generated for
filling and draining. Using two separate calibration functions
may advantageously improve measurement accuracy for
containers 1n which hysteresis occurs.

[0051] In some embodiments system 400 may include a
third loop 414. In some embodiments, the third loop 414
may be a reference loop, which may be used to improve
measurement accuracy and control for sources of noise. In
some embodiments, the reference loop 414 may be attached
to a fixed surface that 1s spaced a fixed distance L relative to
the excitation loop 402. A meter 442 may be used to measure
the current induced in the reference loop 414. In other
embodiments, system 400 may include a fourth loop, which
may be a second reference loop that performs a function
similar to the first reference loop 414 but at a different fixed
distance L.

[0052] In some embodiments, either the first reference
loop or the second reference loop (or both) may be used to
compensate for outside noise or interference. For example,
nearby metal structures, magnets, and/or mcident electro-
magnetic radiation can modity the magnetic field induced by
the excitation loop and thus perturb the electrical potential
induced 1n the measurement loop. The optional reference
loops may be used to passively correct for these eflects.
External sources of noise will generally have substantially
(e.g., +/—5%) equal ellect on both the measurement loop 404
and reference loop 414. Thus, rather than correlating bladder
volume directly to the potential induced 1n the measurement
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loop, one may instead correlate 1t to the ratio of the poten-
tials induced 1n the measurement and reference loops. Cal-
culating such ratios may advantageously cancel out external
perturbations that aflect two loops equally, and may 1nstead
measure only the difference between the measurement and
reference loops that results from their differing physical
positions relative to the excitation loop. This passive com-
pensation may also correct for uncertainty in the electrical
current amplitude driven in the excitation loop.

[0053] The loops 402, 404, 414 may be constructed out of
insulated wire. In some embodiments, the material selected
for the excitation loop 402 may be configured to handle the
required current without the temperature of the matenal
rising. Because the currents in the measurement and refer-
ence loops 404, 414 will generally be low, these loops may
be formed using smaller gauge wire than 1s used for the
excitation loop 402. For example, stainless steel yarn may be
used for one or all of the loops. In some embodiments, the
measurement and reference loops 404, 414 may be formed
from conductive polymer tape, paint, or carbon fiber. In
some embodiments, one or more of the loops 402, 404, 414
may be coupled to a common bus, chip, or circuit.

[0054] Loops 402, 404, 414 may take a variety shapes. In
some embodiments, the geometry of the loops 402, 404, and
414 may be symmetrical in both shape and size. In some
embodiments, the geometry of the measurement loop 404
may comprise a simple design such as a circular, square, or
rectangular shape. Preferably, the measurement loop 404
may be positioned such that 1t runs along the portions of a
container that are most displaced relative to the excitation
loop when the container 1s filled and emptied. It 1s also
preferable that the measurement loop 404 be arranged such
that 1t collects a representative sample of the expansion of
the entire container. For example, the magnitude of the
induced current in the measurement loop 404 should pret-
erably indicate an average thickness of the fluid between a
first side of the container and a second side of the container.
In some embodiments, the measurement loop may be dis-
posed about a side of the container such that at least 30%,
40%, 50%, 60%, 70%, 80%, or 90% of an area of a side of
the container 1s located within an internal area of the
measurement loop. By arranging the measurement loop such
that a significant portion of the area of container lies within
the loop, and along the surfaces that displace the most as the
internal volume changes, a representative sample of the
thickness of the flud within the container may be obtained.

[0055] FIG. 5 shows an exemplary embodiment of the
volume sensor. In some embodiments, the excitation loop
402 and reference loop 414 may be attached to first shell
component 104. In other embodiments, the excitation loop
402 may be attached to the first shell component 104 and the
reference loop 414 may be attached to the second shell
component 108. In other embodiments, the excitation loop
402 and reference loop 414 may be attached to the first shell
component 104 and a second reference loop may be attached
to the second shell component 108. The excitation loop 402
and the reference loops may be attached to the shell com-
ponents via lamination. In some embodiments, the excitation
loop 402 and reference loop 414 may be attached to an outer
portion of the first shell component 104 (e.g., the side of first
shell component 104 facing away from the first container
106). In other embodiments, the excitation loop 402 and
retference loop 414 may be attached to the inner portion of
the first shell component 104 (e.g., the side of the first shell
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component that 1s facing towards the first container 106).
The reference loop 414 may be nominally coincident with
the excitation loop 402, 1.e. with dimension L equal to zero.

[0056] In some embodiments, the measurement loop 404
may be attached to container 106. Although the measure-
ment system 1s arranged in FIG. 5 to measure volume 1n first
container 106, the same or a similar measurement system
may be used to additionally or alternatively measure volume
in additional containers, such as second container 116. For
example, two measurement systems as described herein may
be used, respectively, to measure volume 1n both the first
container 106 and second containers 116. In some embodi-
ments, the measurement loop 404 may be attached to the
first container 106 via lamination. In some embodiments, the
measurement loop 404 may be connected to the portions of
the container 106 that move most relative to the first shell
component 104 when the container 1s filled and emptied.

[0057] Insome embodiments, the loops 402, 404, 414 may

be substantially coaxial, such that a center of each of the
loops lies along a common axis that 1s substantially perpen-
dicular to the planes of the loops. In some embodiments, the
loops may remain substantially coaxial as the container is
filled and emptied. In some embodiments, the loops may be
disposed in planes that are substantially parallel to one
another. In some embodiments, the loops may remain 1n
substantially parallel planes as the container 1s filled and
emptied. For example, although the plane of the measure-
ment loop 404 rises and falls as the container is filled and
emptied, the plane may retain 1ts parallel orientation to the
plane of the excitation loop 402 and/or reference loop 414.

[0058] Loops, 402, 404, 414 may be connected to pro-

cessing circuitry 430. Processing circuitry 430 may be
configured to apply an excitation current and measure
induced currents on one or both of measurement loop 404
and optional reference loop 414. In some embodiments, the
processing circuitry 430 may include the power source and
meters shown 1n FIG. 4.

[0059] In some embodiments, the measurement loop 404
may be connected to the second container 116 so that 1t may
rise with the second container 116 as 1t expands, and lower
with the second container 116 as it contracts. The measure-
ment loop 404 may be coaxial with the excitation loop 402
and/or reference loop 414.

[0060] FIG. 6 shows an exemplary attachment of a volume
sensor as described in FIGS. 4 and 35 to a fluud storage
container. In some embodiments, the wires 450, 452, 454
may connect the loops to the processing circuitry via a cable
604. In some embodiments, wires 450, 452, 454 may be
twisted within cable 604 to prevent inductive coupling.

[0061] Although the volume sensor 1s shown i FIGS. 5

and 6 as being used to measure volume 1n the fluid storage
system ol FIGS. 1-3, 1t should be understood that other
embodiments of this sensor could be integrated with other
bladders or rigid piston-style tluid reservouirs.

[0062] FIGS. 7A and 7B show another example of a fluid
storage device. FIG. 7B shows an enlarged view of the
portion of FIG. 7A that 1s designated with reference numeral
7B. Similar to the storage device shown in FIGS. 1-3, the
embodiment shown in FIGS. 7A and 7B may include a
flexible bladder surrounded by a more rigid shell. The
embodiment shown 1n FIGS. 7A and 7B may be particularly
suited to be used as a pressure driven tank for storing tfluids
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as to which 1t 1s important to avoid contamination. For
example, the device can be used as a pressure driven tank for
potable water.

[0063] The fluid storage device may include a shell, which
may optionally include a first shell component 702 and a
second shell component 704. In some embodiments, the first
shell component 702 and second shell component 704 may
have curved geometries that are symmetrical to one another.
The first shell component 702 and second shell component
704 may together form a geometry that 1s substantially oval
or spherical. The shell may surround a flexible bladder,
which may be formed of one or more membranes. For
example, as shown i1n FIGS. 7A and 7B, the bladder may
include a first membrane 706 which may move as the
volume i1n the bladder changes. The bladder may also
include one or both of a second membrane 710, which may
be fixed to second shell component 704, and a third mem-
brane 708, which may be fixed to first shell component 702.
The first membrane 706 may have a nominally curved
geometry that corresponds to the geometries of the first and
second shell components, such that the first membrane 706
may lie without stress or deformation against the first shell
component and/or the second shell component when the

bladder 1s full or empty.

[0064] The bladder may define a first volume 720 and a
second volume 722. In some embodiments, both the first
volume 720 and the second volume 722 may be hermetically
sealed. In some embodiments, the first volume 720 may be
filled with a liguid (such as water), and the second volume
722 may be pressurized with a gas. The pressurized gas may
provide motive force for dispensing the fluid or for main-
taining 1t at a known pressure. Liquid may flow into or out
of the first volume 720 via a port 714, and gas may flow into
or out of the second volume 722 via a port 712. Alterna-
tively, the volume holding liquid and the volume holding gas
may be reversed, both volumes may hold a liquid, or both
volumes may hold a gas.

[0065] The bladder membranes can be made of a low-
diffusion laminate using materials such as those described
above with respect to FIGS. 1-3. Using a low-diffusion
laminate may advantageously prevent loss of pressure and
fluid by diflusion through the membranes, and may also
prevent the liquid from becoming saturated with dissolved
gas. The shell may provide mechanical support to allow
operation at high pressure. Optionally, membranes 708, 710
may prevent the shell from contacting either the liquid or the
gas.

[0066] In some embodiments, the shell components 702,
704 may be attached to one-another using a retaining ring
717 and clamp 716 arrangement as shown in FIG. 7B. The
shell components may have a ndged lip, as shown 1n FIG.
7B, sized to receive the retaining rings 717. The clamp may
be fastened using a latch 718 as shown 1n FIG. 718. In some
embodiments, the membranes 706, 708, 710 may be heat-
sealed to one another around an outer circumierence of the
bladder, which may, for example, lie between the retaining
rings as shown 1n FIG. 7B.

[0067] The geometry of the device may advantageously
improve both pressure tolerance and floating-membrane
cycle-life. The shell, retaining rings, and clamp can be
composed of a structural polymer, composite, or metal. The
retaining rings and clamp ring with draw latch may allow
tool-free replacement of the bladder assembly should it
become damaged or dirty.
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[0068] FIGS. 8A and 8B show another exemplary embodi-
ment of a tluid storage device. FIG. 8B shows an enlarged
view of the portion of FIG. 8A that 1s designated with
reference numeral 8B. The embodiment shown in FIGS. 8A
and 8B may be particularly suited to serve as a tluid pressure
accumulator. Accumulators are commonly used 1n closed-
loop process systems to maintain the pressure of a fluid
despite changes 1n volume due to thermal expansion, phase
change, etc. The device may include a shell, which may be
formed of first and second shell components 802, 804, a
bladder, which may be formed of first and second mem-
branes 808, 810, and an outer pressure shell 830, which may
serve as a high-pressure reservoir. In some embodiments, the
pressure shell 830 may be formed of a stronger material than
shell components 802, 804. For example, the shell compo-
nents 802, 804 may be formed of a polymeric material, while
the outer pressure shell 830 may be formed of metal.

[0069] Membrane 810 may be fixed to the second shell
component 804, and membrane 808 may be free to move as
fluid enters or exits the bladder. The bladder may define a
first volume 820, which may store a liquid or gas. The outer
pressure shell 830 may form a second volume 822, which
may preferably store pressurization gas. The second volume
may be disposed within the outer pressure shell 830 but
outside of the bladder membranes 808, 810. The second
volume 822 may include three sub-volumes, as shown in
FIG. 8A. Specifically, one sub-volume may lie between the
first shell component 802 and the first membrane 808,
another sub-volume may lie between the first shell compo-
nent 802 and the outer pressure shell 830, and a third
sub-volume may lie between the second shell component
804 and the outer pressure shell 830. One or both of shell
component 802 and shell component 804 may include vents
832, 833, such that the sub-volumes of the second volume
822 may communicate with one-another and collectively
define a single volume 822.

[0070] Fluid may flow 1nto or out of the first volume 820
via a port 814. A detailed view of an exemplary port 814 1s
shown 1 FIG. 8B. For example, port 814 may include a
teedthrough which may be disposed 1n a conduit in the outer
pressure shell 830 and may extend through a hole 1n the
second shell component 804. The feedthrough may form a
sealed arrangement with the second membrane 810 and
second shell component 804. A second port 812 may be used
to provide pressurization gas to the second volume 822. The
second volume 822 may optionally be coupled to an external
pressure source via the pressure port, or 1t can be filled with
a fixed charge of gas and then the pressure port can be
permanently sealed. In some embodiments, the fixed charge
of gas may remain within the outer shell 830 for the full
lifetime of the device. In some embodiments, the bladder
membranes can be made of the low-diffusion laminate
described above. Preferably, no significant diffusive loss
occurs through the outer metal shell. In some embodiments,
the mnner shell may provide mechanical support to the
bladder in the case that the bladder experiences pressure
greater than that of the accumulator gas, supplied by an
external source through the fluid port 814.

[0071] Similar to the embodiment described above with
respect to FIGS. 7A-7B, the shell components 802, 804 may
have curved geometries that are symmetrical to one another.
The first shell component 802 and second shell component
804 may together form a geometry that i1s substantially oval
or spherical. The first membrane 808 may have a nominally
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curved geometry that corresponds to the geometries of the
first and second shell components, such that the first mem-
brane 808 may lie without stress or deformation against the
first shell component and/or the second shell component
when the bladder 1s full or empty.

[0072] In some embodiments, the shell components 802,
804 may be attached to one-another using a retaining ring
817 arrangement as shown in FIG. 8B. The shell compo-
nents may have a ridged lip, as shown 1 FIG. 8B, sized to
receive the retaming rings 817. The outer pressure shell 830
may act as a clamp to hold the retaining ring 1n place within
the ndged lip. In some embodiments, the membranes 808,
810 may be heat-sealed to one another around an outer
circumierence of the bladder, which may, for example, lie
between the retaining rings as shown i FIG. 8B.

[0073] The curved geometry of the shell may advanta-
geously maximize both pressure tolerance and floating-
membrane cycle-life. An additional benefit of this accumu-
lator configuration 1s that volume sensor loops (e.g., as
described above with respect to FIGS. 4-6) applied to the
rigid shell may be protected mechanically and shielded
clectrically by the outer metal shell.

[0074] While the subject matter of this disclosure has been
described and shown 1n considerable detail with reference to
certain 1llustrative embodiments, including various combi-
nations and sub-combinations of features, those skilled 1n
the art will readily appreciate other embodiments and varia-
tions and modifications thereol as encompassed within the
scope of the present disclosure. Moreover, the descriptions
of such embodiments, combinations, and sub-combinations
1s not intended to convey that the claimed subject matter
requires lfeatures or combinations ol features other than
those expressly recited 1n the claims. Accordingly, the scope
of this disclosure 1s intended to include all modifications and
variations encompassed within the spirit and scope of the
following appended claims.

1. A system for storing fluid, the system comprising:

a container, the container having an internal volume that
1s configured to change as fluid enters or exits the
container:;

a first shell component;

a second shell component, the internal volume of the
container being disposed between the first shell com-
ponent and the second shell component such that the
first shell component limits an expansion of the con-
tamer 1n a first direction, and the second shell compo-
nent limits the expansion of the container 1n a second
direction that 1s opposite the first direction;

wherein a space 1s defined between the second shell
component and a {irst surface portion of the container,
the space having a volume that decreases as fluid enters
the container and the internal volume of the container
1ncreases.

2. The system of claim 1, wherein the first shell compo-
nent and the second shell component have symmetrical
geometries.

3. The system of claim 1, wherein the first shell and the
second shell are shaped such that when the container 1s 1n a
full state, at least 90% of the surface area of the container
lies on at least one cross-section that 1s substantially circular,
catenary, or elliptical to efliciently carry internal pressure

load.

4. The system of claim 1, wherein the first shell and the
second shell together define an air mattress geometry.
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5. The system of claim 1, wherein the system further
COmMprises;

a second container, the second container having a second
internal volume that 1s disposed between the first shell
component and the second shell component such that
the first shell component limits an expansion of the
second container 1n the first direction, and the second
shell component limits the expansion of the second
container in the second direction that 1s opposite the
first direction.

6. The system of claam 1, wherein the second shell
component has one or more openings such that the space
between the container and the second shell component 1s
vented.

7. The system of claim 1, wherein the space between the
container and the second shell 1s coupled to a pressure
source, such that the container may be filled and/or dis-
charged under pressure using the pressure source.

8. The system of claim 1, wherein the sealed space
between the container and the second shell serves as a
secondary fluid storage volume that increases as the internal
volume of the container decreases, the secondary fluid
storage volume being configured to store used fluid previ-
ously stored 1n the container.

9. The system of claim 1, wherein the container comprises
a material selected from a group consisting of fluorinated
cthylene propylene, perfluoroalkoxy alkane, ethylene tet-
rafluoroethylene, polyethylene, ultra-high molecular weight
polyethylene, polyamide, and ethylene vinyl alcohol, or a
laminate comprising layers composed of one or more these
materials.

10. The system of claim 1, wherein the shell components
have a higher resistance to deformation than at least the first
surface portion of the container.

11. The system of claim 1, wherein a second surface
portion of the container 1s athixed to the first shell compo-
nent.

12. The system of claim 1, wherein the first shell com-
ponent defines a wall of the container and 1s directly exposed
to the internal volume of the container.

13. The system of claim 1, wherein the first surface
portion of the container has a nominal geometry that corre-
sponds to a geometry of the first shell component, the first
surface portion being configured to be mmverted when the
container 1s filled such that the nominal geometry of the first
surface portion corresponds to a geometry of the second
shell component.

14. The system of claim 1, wherein one or more ports
communicate with the internal volume of the container
and/or the volume of the space.

15. A method for storing tluid, the method comprising:

filling with fluid a container having an internal volume
that changes as fluid enters the container;

wherein the container 1s disposed between a first shell
component and a second shell component, the internal
volume of the container being disposed between the
first shell component such that the first shell component
limits an expansion of the container 1n a first direction,
and the second shell component limits the expansion of
the container in a direction that 1s opposite the first
direction; and

wherein a space 1s defined between the second shell
component and a {first surface portion of the container,
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the space having a volume that decreases as the fluid
enters the container and the internal volume of the
container increases.

16. The method of claim 15, wherein the first shell and the
second shell together define an air mattress geometry.

17. The method of claim 15, the method further compris-
Ing;

filling with the fluild a second container, the second

container having a second internal volume that 1s
disposed between the first shell component and the
second shell component such that the first shell com-
ponent limits an expansion of the second container 1n
the first direction, and the second shell component
limits the expansion of the second container in the
second direction that 1s opposite the first direction.

18. The method of claim 15, further comprising applying
positive or negative pressure to the space using a pressure
source, thereby filling and/or discharging the container
under pressure using the pressure source.

19. The method of claim 15, wherein the first surface
portion of the container has a nominal geometry that corre-
sponds to a geometry of the first shell component, the first
surface portion inverting when the container 1s filled such
that the nominal geometry of the first surface portion cor-
responds to a geometry of the second shell component.

20. The method of claim 15, wherein the step of filling the
container with tluid 1s performed through one or more ports
that communicate with the internal volume of the container
and/or the volume of the space.

G x e Gx o
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